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Abstract: Since the first Piano Key Weir (PKW) was built at Goulours Dam in France in 2006 by Electricité de France, their
importance as a flood release structure for gravity dams or as implementation in river systems has increased significantly. PKWs
are a result of a consequent development from labyrinth weirs. In 1998, the first studies with preliminary geometries were
performed in France and improved by Blanc and Lempérière (2001). Due to the nonlinear shape, the PKW’s specific discharge
was–compared to linear weirs–majorly increased, since the effective overflow length will be increased. In the past, a lot of research
in terms of physical modeling, Computational Fluid Dynamics (CFD) studies or research in prototype scale were carried out.
Numerical investigations can provide important knowledge of flow parameters and provide a cost-effective tool to investigate
numerous PKW designs. Although a lot of numerical PKW simulations have been carried out, additional in-depth research is still
needed. For numerical simulations, the mesh dependence is a major criterion with a large influence on the result quality in respect
to water surface levels or flow velocities. The present paper deals with the mesh dependence related to PKW discharge coefficients.
It will provide recommendations for numerical PKW simulations by investigating sufficient maximum mesh sizes with the Grid
Convergence Method (GCI).
Keywords: Piano Key Weir, numerical modelling, mesh quality, grid convergence index.

1.

Introduction

1.1. Piano Key Weirs
Piano Key Weirs (PKW) are hydraulic structures that can be used for flood release structures on dams or for in-channel
applications. The first PKW was built at Goulours Dam in France in 2006 by Electricité de France (Laugier 2007).
Subsequently, the importance of PKWs as flood release structures for gravity dams or as implementation in river
systems increased significantly. PKWs are a result of a consequent development of labyrinth weirs. In 1998, the first
studies with preliminary geometries were performed in France and improved by Blanc and Lempérière (2001) and
Lempérière & Ouamane (2003). Due to the nonlinear shape, the PKW’s specific discharge is–compared to linear
weirs–majorly increased, since the effective overflow length will be increased. In comparison to the total crest length,
the footprint size of a PKW is relatively small and consequently it is ideal for top-of-dam spillway flood control
structure to upgrade their capacity (Oertel and Tullis 2014).
In general, PKWs are divided into three main geometric classifications, a PKW Type A, Type B and Type C as shown
in Figure 1. A PKW Type A has symmetric up- and downstream overhangs, a PKW Type B only has upstream and a
PKW Type C only has downstream overhangs. The total weir width W is separated in PKW units with a unit width
Wu. A PKW units contains an inlet, two side walls and two half outlets located on each side of the inlet. The main
geometrical parameters are given in Pralong et al. (2011b), visualized in Figure 2 and listed in Chapter 5
(NOTATIONS).
Most previous studies have been carried out within scaled physical models. Over the past years, only 21 papers
including numerical modeling have been published, which represents about 10% of the total amount of PKW
publications. Sensitivity analyses for numerical models carried out by Pralong et al. (2011a) have proven that
turbulence modeling has no impact on upstream flow conditions and, consequently, on discharge capacity results.
Nevertheless, no specific investigations on mesh dependencies for numerical PKW models can be found.

(a) PKW Type A

(a) PKW Type B

(a) PKW Type C

Figure 1. The three main classifications of PKW geometries (flow direction from left to right).

Figure 2. Schematic plot of main geometrical PKW parameters, plan and sectional view (flow direction from left to right).
(Oertel and Bremer 2016).

Previous physical and numerical investigations show that the hydraulics of PKWs depend on several geometrical
parameters. Ribeiro et al. (2012) identified that primary and secondary parameters influence the discharge capacity
considerably. The weir height P and the total weir width W are defined as primary parameters. The inlet and outlet
width ratio WiWo−1 and the height ratio PiPo−1 are for example defined as secondary parameters. However, Machiels
et al. (2014) defines the main influence factors with a given relative total centerline crest length LW−1 as the weir
height P, the width ratio of the inlet and outlet WiWo−1 and the overhang ratio BiBo−1.
Considering the upstream water surface level hu, discharge coefficients CdL can be determined as mentioned in Pralong
et al. (2011b). Therefore, the Poleni formula is extended by the velocity head which follows the Du Buat formula:
2

𝑄 = 𝐶𝑑𝐿 𝐿 √2𝑔 𝐻𝑢1.5
(1)
3
where: Q = total discharge, CdL = dimensionless discharge coefficient, L = total centerline crest length, g = acceleration
due to gravity, Hu = total upstream energy head including the velocity head = hu + vT_ave2(2g)−1. The required flow
velocity vT_ave is averaged over the total upstream flow depth hu.
An alternative head-discharge relationship (Eq. 2) has also been suggested by Pralong et al. (2011b). Oertel and
Bremer (2016) also mentioned that the CdL values including the total centerline crest length are not reasonable for
adequate PKW efficiency statements. To determine PKW’s efficiency a normalized discharge coefficient CdW is
necessary. This CdW value allows an efficient comparison of various PKW geometries with different total centerline
crest lengths. Equation 1 is modified by including the total weir width W:
𝑄=
where: W = total weir width.

2
3

𝐶𝑑𝑊 𝑊 √2𝑔 𝐻𝑢1.5

(2)

1.2. Grid Convergence Index (GCI)
To conduct a sensitivity analysis as suggested by Celik et al. (2008), the Grid Convergence Index (GCI) is calculated
considering the flow velocity magnitude provided by numerical investigation. The GCI is an acceptable and advised
method, which was evaluated over a large number of CFD analyses (Celik et al. 2008). Therefore, numerical
simulations with significant deviant mesh sizes are compared. The mesh size will be reduced until the determined GCI
values no longer exceed a convergence error limit. Convergence error limits will be defined later within the present
paper. The employed mesh cell sizes of 0.2 m, 0.1 m and 0.05 m with a global refinement ratio of two is above the
recommended minimum value of 1.3 (Celik et al. 2008). For further information see also Bayon (2016).

2.

Numerical Model

2.1. General Remarks
The commercial three-dimensional CFD software FLOW-3D was used to simulate water surface levels and flow
velocities. Water surface levels are not discussed in this investigation. To detect the free surface FLOW-3D uses the
Volume-of-Fluid (VOF) method (Hirt and Nichols 1981). The Renormalized Group (RNG) turbulence model was
chosen, which is based on the standard k-ε model. Although, as already mentioned, sensitivity analysis has proven
that turbulence modeling has no impact on discharge capacity results (Pralong et al. 2011a). The RNG turbulence
model can describe turbulence flows with low intensity. Inlet boundary conditions were set as pre-selected discharges.
At the downstream end of the numerical model an outflow boundary condition was used. The numerical model consists
of three mesh blocks with cell sizes from 0.2 m to 0.025 m in x-, y-, z-direction. Two mesh blocks with lager mesh
sizes are used for the inflow and channel area and one mesh block with smaller mesh sizes represents the PKW area
to describe the PKW geometry precisely. Up to approximately 17 million cells within the finest mesh represent the
model domain. The PKW geometry was included using a STL-file. Additionally, an initial water body was
implemented also using a STL-file to reduce computing time. The simulation finish time was set to a steady-state flow
condition of a time interval of 20 s with a deviation of 1 %. The computing time was recorded between two hours and
five days, depending on the tested discharge Q and the mesh resolution.
2.2. PKW Geometry
The used geometry is based on a basic design criterion introduced by Mason (2011) and has a prototype scale to
eliminate scale effect problems but isn’t related to a prototype case. To reduce computing time, preliminary tests with
different numbers of PKW units (Nu = 0.5, 1 and 2) were conducted. Those tests show that a PKW with Nu = 1 units
delivers sufficient results. Pfister (2012) also comes to similar findings, where a PKW with Nu = 1.5 units delivers
adequate results.
The investigated PKW Type A geometry with symmetric up- and downstream overhangs has a developed sharp
crested centerline length L = Lu = 17.6 m and a wall thickness of Ts = 0.2 m. Details on the investigated PKW
geometry are given in Table 1. For all tested model runs the same geometry was chosen.
Table 1. Investigated PKW geometry parameter.

B

Bb

Bi = B o

Bh

Pi = Po

W = Wu

Wi

Wo

Ts

L = Lu

Nu

7.2 m

3.6 m

1.8 m

7.0 m

3.0 m

3.6 m

1.8 m

1.4 m

0.2 m

17.6 m

1

2.3. Model Runs
In total 24 model runs with a specific discharge of qsW = 0.5, 1, 2, 3, 5, 7, 9 and 11 m3(sm)−1 were performed. In the
present investigation only one of the inflow mesh blocks, representing the channel area of the numerical model, is
considered. For the first model run the mesh block had a mesh size of 0.2 m. The mentioned mesh sizes are always
applied in x-, y-, z-direction. The second model run had a mesh size of 0.1 m and the third model run a mesh size of
0.05 m. Outliners, which were identified using the criterion (vT, large – vT, middle) x (vT, middle x 100) -1 < 120 % and
(vT, middle – vT, small) x (vT, small x 100) -1 < 120 %, where removed. The index large stands herein for the 0.2 m, middle
for the 0.1m and small for the 0.05 m mesh size.

3.

Results

3.1. General
Figure 3 shows a schematic representation of the investigated mesh sizes. Shown dots represent calculated velocity
magnitudes in the middle of the cell. For the area of one cell of the largest mesh (0.2 m) the finer meshes (0.1m &
0.05m) have four, respectively, 16 cells. In order to compare the results of three investigated mesh sizes the results of
the finer meshes are averaged for the area of the cell size of the largest mesh. The results will be selected at a distance
5P upstream the PKW, considering the PKW longitudinal axis as proposed by the physical modelling uncertainty
analysis of Oertel (2016). The velocity vectors u and w (in x- and z-direction, sectional view) are always exported only
for one time step and with a width in y-direction of one cell in the middle of the numerical flume. A velocity magnitude
is computed by (u2 + w2)0.5.

(a) Mesh size 0.20 m

(b) Mesh size 0.10 m

(c) Mesh size 0.05 m

Figure 3. Schematic representation of investigated mesh sizes.

3.2. GCI
The conducted sensitivity analysis shows the results represented in Figures 4a, 4b and 4c. Figure 4a compares the
velocity profile in relation to the flow depth hu. Figures 4b and 4c show the velocity profile in relation to the flow
depth hu combined with the determined velocity. GCI values are shown as error bars exemplary for specific discharges
qsW = 0.5, 3.0 and 11 m3(sm)−1. The velocity GCI 32fine values represent the comparison of the mesh sizes 0.20 m and
0.10 m; the velocity GCI 21fine of the mesh sizes 0.10 m and 0.05 m. Additionally, Table 2 gives the distribution of the
given GCI values below a convergence error of max 5 %. In the present investigation a velocity GCI value below 5 %
is set as sufficiently accurate. In Table 2, no clear mesh convergence trend in relation to discharge can be identified.
It can be assumed that in this case an increasing specific discharge will not directly improve the mesh convergence.
Figure 4a shows a typical velocity distribution with small values at the channel bottom and increasing velocities toward
the water surface. For all sets of given discharges, a convergence concerning the velocity distribution is outlined.
Especially in specific flow depth areas the velocity magnitude for different mesh sizes approximates sufficiently. For
a given discharge qsW = 0.5 m3(sm)−1 this section is in between 1.0 m < hu < 3.1 m, for qsW = 3.0 m3(sm)−1 in between
1.5 m < hu < 3.5 m and for qsW = 11 m3(sm)−1 in between 2.5 m < hu < 4.8 m (see Figures 4b and 4c). The velocity
GCI 32fine values already show a velocity convergence up to 89.5 %, as shown in Table 2. The velocity GCI 32fine has
values of 53.8 % to 89.5 %, being smaller than the defined convergence error limit. Although for 50 % of the
investigated discharges, the velocity GCI 32fine values exceed the convergence error limit within more than 70 % of
their values. The velocity GCI 32fine values exceed > 50 % close to the channel bottom. The maximum GCI 32fine occurs
for qsW = 0.5 m3(sm)−1 with a value of 25.1 %. This represents the highest values for all tested discharges. In general,
the velocity GCI 32fine values vary close to the channel bottom (in this case hu < 1.5 m) in between 10% < GCI 32fine
< 25 %. Comparing velocity GCI 32fine and GCI 21fine, the obtained GCI 21fine values have been significantly improved.
The GCI 21fine values are beneath the convergence error limit within 68.2 % up to 100 % of the obtained results. Figure
4c shows lower velocity GCI 21fine values in general, which indicates that the dependency of numerical results on the
mesh resolution has been reduced and the solution is reaching the mesh independent solution. The velocity GCI 21fine
values have a maximum of 16.4 % for qsW = 0.5 m3(sm)−1. Such as the velocity GCI 32fine, the velocity GCI 21fine have
their maximum values in the area of the channel bottom (hu < 1.5 m) with values of 5 % < GCI 32fine < 10 %. The
highest velocity GCI values occur generally close to the channel bottom due to uncertainties within the turbulence
modeling.

Table 2. Proportion of velocity GCI values below five percent for all given points per discharges.

qsW [m3(sm)−1]

GCI 32fine < 5 % [%]

GCI 21fine < 5 % [%]

0.5

53.8

81.3

1

64.7

82.4

2

64.7

100

3

72.2

88.9

5

89.5

100.0

7

76.2

71.4

9

68.2

68.2

11

79.2

100

(a) direct comparison of depth-dependent velocity magnitudes.

(b) velocity magnitude (mesh size 0.10 m) with GCI 32fine
values as error bars.

(c) velocity magnitude (mesh size 0.05 m) with GCI 21fine
values as error bars.

Figure 4. Obtained results for the tested mesh sizes, exemplary for specific discharges qsW = 0.5, 3.0 and 11 m3(sm)−1.

4.

Conclusion

The present investigation within a sensitivity analysis on mesh quality can be considered as first assessment on mesh
quality and mesh independency. The velocity magnitude for a specific area was evaluated. The herein given results
show, as expected, that mesh convergence is an essential parameter to guarantee qualitative and sufficient as well as
reliable numerical results.
While general flow patterns can be reproduced sufficiently in large mesh sizes (as proposed 0.20 m in x-, y-, zdirection), a precise velocity magnitude requires a mesh refinement to generate sufficient results. Comparing the
velocity magnitude of different mesh sizes for different discharges, a divergence can be identified. Within a divergence
of GCI 32fine < 100 % for local cells a mesh size 0.10 m in x-, y- and z-direction does not provide reliable flow velocities,
especially for the bottom channel area. Also, the velocity GCI 21fine has a large number of high values within a
maximum value of GCI 21fine  16 %. This predicts that a mesh refinement to a mesh size of 0.05 m in x-, y- and zdirection does not provide the needed result. Consequently, another mesh refinement is required. Furthermore, the
present investigation needs to be extended by more numerical simulations within a sensitivity analysis of the flow
depth hu and a detailed analysis of the impact of turbulence models on this sensitivity analysis. Wherefore, it is
recommended that instead of one time step an averaged vector over several time steps should be used for calculation
result analyses.
The presented investigation discusses mesh size quality aspects on numerical basis without comparing the obtained
results with physical model data. Therefore, also further physical model runs are necessary to prove numerical model
results.

(a) outlet cross section

(b) detail

Figure 5. Explanation of the parameter Bh (flow direction from left to right).
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